In this study, the effect of phosphoric acid (PA) as a fiber spinning aid on the strength increase of polyacrylonitrile (PAN) nano-fibers by using modified mechano-electrospinning technologies has been analyzed. The medium carbonization temperature of 800°C has been selected for the future economic production of these new materials. The concentration of PAN in dimethyl sulfoxide (DMSO) was fixed as 5 wt%. The weight fraction of PA was selected as being 2%, 4%, 6%, and 8% in comparison to PAN. These solutions have been used to make the nanofibers. The mechano-electrospinning apparatus installed in KRICT was made by our own design. By using this apparatus the continous and highly aligned precursor nano-fibers have been obtained. The bundle of 50 well aligned nano diameter continuous fibers with the diametr of 10 microns with 6 wt% phosphoric acid for addition showed maximum mechanical properties of 1.6 GPa as tensile strength and 300 GPa as Young's modulus. The weight of final product can be increased 19%, which can improve the economical benefits for the application of these new materials.
INTRODUCTION
PAN carbon fibers are well known strongest. fibers for the various applications since 1960's. The commercial grade of PAN carbon fibers has the diameter of 5-7 micrometers and the strength of 3-6 GPa. The price and the processing complexity of the carbon fiber are the main obstacles for their more popular applications. In general the highest strenhgth of PAN carbon fibers require the high temperature of 1400-1500°C. The reduced diameter of fibers can increase the final stregth of fibers [1] and lower the processing temperature. It can improve the economic benefits for more wide application of PAN carbon nano-fibers.
In these days the need of nano sized strong fibers has been sharply increased because of requirement of new green technology development. Various techniques to produce nanofibers have been introduced i.e. drawing technology using micropipette, template synthesis method, nano-fiber arrays and thermally induced phase separation method for producing nano-porous nano-fibers [2] . However, these techniques generally are lacking of the economical and technical considerations for the industrial applications. Electrospinning is a strong candidate to produce various nano-fibers for industrial use in near future [3] [4] [5] [6] [7] [8] . Since 1960's the webs of nano-fibers has been popularly made because of the instability of the electrospinning [9] [10] [11] [12] . Recently, the modified elecrospinning to make the continuous and aligned nano-fibers has been developed by Korea Research Institute of Chemical Technology (KRICT) and followed by other institutes [13] [14] [15] [16] [17] [18] . Recently the nano-diameter carbon fibers producing technologies by using the modified electrospinning attracted so many researchers [19] [20] [21] [22] [23] [24] [25] . But they have adopted conventional oxidation and carbonization conditions ofr micron diameter carbon fibers, because of that their results remained as useless technology in economic point of view. The phosphoric acid has been utilized for the surface of carbon fiber modification to improve the interfacial stregth of final composite [26, 27] . In this study, we have used the phosphoric acid as a processing aid to make the PAN nano fibers by using modified mechano-electrospinning and to increase their strength at the final carbonization tem-perature of 800 o C, so called medium temperature. These results will enhance the development of more economic production of continous nano carbon fibers for more various applications of these new materials.
EXPERIMENT

Materials
The PAN copolymers with methyl acrylate were synthesized in KRICT. The resulting average molecular weight of utilized PAN was about 700,000 g mol -1 . Dimethyl sulfoxide (DMSO) was selected as a dissolving solvent of synthesized PAN copolymer and Phosphoric acid (PA) was selected as the processing aid for fiber spinning. They were purchased from Sigma Aldrich Co. (USA), and Jin Chemical Co. (Korea).
Experimental procedures
Preparation of continuously unidirectional aligned PAN precursor
The concentration of PAN in DMSO was fixed as 5 wt%. The weight fraction of PA was selected as being 2 wt%, 4 wt%, 6 wt%, and 8 wt% in comparison to PAN. These solutions have been used to make the bundle of nano-fibers. The mechano-electrospinning apparatus (MEA) installed in KRICT made by our own design is shown in Fig. 1 . The MEA consists of a syringe pump (KD Scientific-100, USA), a high voltage supply (SHV200RD-40K, Korea), a fixed collector (distilled water bath), and an alumina tube (AT) roll collector. PAN solutions were loaded into the 50 ml syringe and the syringe pump was used to supply a constant throughput (0.003 ml/ min) of solutions. Subsequently, the electrode was clipped onto the stainless steel needle (19G-13, Iwashita Engineering, Japan), then the voltage of 11 kV was applied. First, the fixed collector having water as a coagulation took the precursor fibers, and the AT roll collector took up the continuous and highly aligned precursor bundle of nano-fibers. In average each bundle contains 50 nano-fibers and has 10 microns as its diameter in average.
Drying and Stabilization
The precursor bundle of nano fibers were subjected to drying process to eliminate the solvent in the vacuum applying 
Carbonization
The stabilized precursor fibers were subsequently carbonized in the gas purging furnace. The maximum temperature was 800 o C. The retention time was 10 minutes at this maximum temperature and the heating rate was fixed as 10 o C min -1 under nitrogen atmosphere.
Characterization
Differential scanning calorimetry (DSC) data was obtained with a Perkin-Elmer DSC-7. The system was calibrated by using elemental indium and 4.0±1.0 mg of the sample was used for each run. . For each condition, 20 specimens were tested. And the surface of tested specimens was analyzed by using Scanning electron microscope (SEM, TESCAN VEGA-II, Bruker, USA).
RESULT AND DISCUSSION
At the beginning of experiments, the solution of PAN with 10 wt% of PA has been tested to obtain the precursor fibers.
But it was very difficult to obtain well aligned and smooth round shaped precursor fibers. To maintain the high quality comparison these results had been omitted. Thermal properties were investigated with a DSC and TGA. DSC was carried out to study for the oxidative stabilization conditions. PAN precursors exhibit the sharp exothermic peaks as shown in Fig. 2 . These peaks are associated with oxidation, dehydrogenation and cyclization reactions. The initial peak temperature (T ip ), peak temperature (T pk ), and heat of reaction associated with the process should be as low as possible to produce carbon fibers having a good mechanical property. In order to understand in detail the differences in the DSC peaks were listed in Table 1 . Through the DSC data, it has been found that with the increase in content of PA, Tip has been sharply decreased with the low concentration of PA, and then re-increased. The lowest heat of reaction has been observed with 6 wt% of PA and then it has been increased for 8 wt% of PA. TGA was carried out to study for the carbonization conditions. The TGA curves of various PAN precursors treated by the vacuum drying at 190 o C are presented in Fig. 2 . TGA result shows that the amount of residue are dependent on PA contents. The PAN precursor without PA exhibits higher yield than other PAN precursor with PA until about 300 o C, however the yields are reversed at over 300 o C. When the temperature reaches 900 o C, PAN precursors with 2, 4, and 6 wt% PA show about 42% weight loss, on the other hand the PAN precursor without PA shows about 50% weight loss. It means that the weight of product can be increased 19% which can assure more economical output.
XPS was carried out to study the chemical composition of the carbon fiber surfaces. As shown in Table 2 , the amounts of oxygen group increased with an increase in the PA contents until 4 wt%. In 6 wt% the oxygen content decreased and then the oxygen content level attained slightly higher than the value at 4 wt%. This phenomenon seems to come from the variation of total fiber surface area and their structures which can be analyzed by SEM images in further.
XRD was carried out to study the microstructure of the carbon fibers. Fig. 5 shows the XRD diffraction patterns of carbonized PAN fibers containing various PA ratio and the result of XRD measurements is presented in Table 3 . The interlayer spacing (d002) of carbonized PAN fibers showed its minimum 3.517 at PA 6 wt%. It means that this structure can give highest strength because of the most tight packing of carbonized ribbon-like internal structures. And carbonized PAN fibers with 8 wt% showed sharply increased value of 3.547 Å. It revealed a kind of deterioration in its interlayer structure arrangements. As shown in Fig. 6 , the strength and the modulus with 6 wt% of PA has been increased 3 times and 2 times, respectively in comparing with 0 wt% of PA. But these values have been sharply decreased with 8 wt% as predicted from the XRD data analysis. The average tensile strength of 1.6GPa and Young's modulus of 300 GPa with 6 wt% PA is remarkable value. Their mechanical properties are sufficient for the electrical and light weight automotive body application of these materials. After optimization of the mass production conditions the mechanical properties and the economy of this material can be highly improved. It will give us wide open new opportunity of various new applications of these materials from space craft structures to functional electronic devices. SEM images of the effect of PA on carbonfiber surfaces are presented in Fig. 7 . The semi-carbonized nano fiber without PA showed many small flaws but the addition of PA has eliminated these flaws until 6 wt%. The over addition of PA, such as 8 wt% made some big flaws. The most smooth surface has been obtained with 6 wt% of PA, which inhibits the crack initiation at the surfaces in the course of loading application. So it can give us the results of highest strength and highest modulus.
CONCLUSION
In this newly developed mechano-electro spinning system of the PAN nano fiber, we have found a new possibility to increase the strength and modulus of these nano fibers by the addition of adequate portion of PA. The PAN nano fibers with 6 wt% of PA showed an excellent mechanical properties improvement, such as 3 times of strength, 1.6 GPa and 2 times of modulus, 300 GPa. The addition of PA can decrease the weight loss of PAN nano fibers during medium temperature, 800 o C, carbonization process. Also the fiber surface flaws have been suppressed by the appropriate addition of PA, 6 wt%. The economy of product can be increased more than 19%.
